Details of the reactive processes by which TiC and TiN microclusters are formed from precursor molecules in the gas phase are not clearly understood. We have performed ab initio calculations based on density functional theory methods in order to get some insight into the chemical reactions of precursor molecules. Using microcanonical molecular-dynamics we have simulated scattering processes between molecules consisting of the elements Ti, Cl, N and H. The simulations show that fluctuations of the kinetic energy can be large enough to break up bonds at moderate temperatures.
INTRODUCTION
The possibility to make materials with new chemical or physical properties has always been a fascinating subject. For this reason, and because of new technological skills which allow for the fabrication of structures on the nanometer scale, the field of nanotechnology has attracted scientists from different fields during the past decade. The properties of nanosized substances can significantly differ from those of corresponding bulk materials. They depend in a specific way on size and morphology of the particles. Microclusters and nanoparticles can be generated from precursor molecules in the gas phase by chemical reactions and subsequent nucleation, condensation, coagulation and aggregation, coalescence and sintering, restructuring, crystallisation and segregation, using different types of reactors (Kruis, Fissan and Peled, 1998) .
Despite the fact that it has become possible to investigate chemical reactions experimentally on the femto-second scale (Zewail, 2000) , one is still not able to monitor the time evolution of a reacting system directly. So for most processes very little is known about the details of the often complicated reaction pathways, or even of the sorts of molecules generated as intermediate products during a collision event. This is a problem to be solved if one wants to increase the efficiency of nanoparticle production.
Computer simulations provide a way to gain insight into the details of a collision process between molecules or clusters. We have used the technique of ab initio molecular-dynamics simulations with VASP (Vienna ab initio simulation package) to investigate the reaction pathways of a few scattering processes between precursor molecules like TiCl 4 , NH 3 , H 2 and fragments of them leading to the formation of TiN and TiC particles. Substances made of these ceramic nanoparticles are very hard and heat resistant, which makes them interesting, e.g. for the use in high temperature valves.
The article is organized as follows. Section two describes briefly the computational procedure and gives an overview of the approximations involved. In Section three we discuss the results, first of calculations for precursor molecules and second of simulated collision events. Section four gives an outlook of future work.
COMPUTATIONAL METHOD
Chemical behavior of the precursor molecules was simulated with the help of two packages VASP, a description of which can be found in the literature (Kresse and Furthmüller, 1996) , and GAUSSIAN98 (Frisch, Trucks, Schlegel, Scuseria et al., 1998) . With GAUSSIAN98 we have simulated a few transition states which in principle do not give many new insights and will not be discussed here. In this paper we concentrate more on the dynamics and time evolution of a few dissociative processes of molecules which during the scattering event are excited to energetically high-lying vibronic states. The code VASP is based on density functional theory (Hohenberg and Kohn, 1964) and makes use of plane waves as basis sets for the Kohn-Sham wavefunctions (Kohn and Sham, 1965) . Periodic boundary conditions were used in all simulations requiring large enough supercells to avoid interactions between molecules in different cells. In order to increase computational efficiency, only the valence electrons are included in the calculations and the basis set is kept small by using Vanderbilt's ultrasoft pseudopotentials (Vanderbilt, 1990) . For the exchange-correlation functional we used the local density approximation (LDA) (Ceperley and Alder, 1980) in the parameterisation of Perdew and Zunger (1981) , as this approximation saves one order of magnitude in computational time compared to more advanced methods like the generalized gradient approximation (GGA).
We performed two different kinds of simulations: Structure optimization of precursor molecules and molecular-dynamics simulations of reactions between the molecules. For the structure optimization we used the conjugate gradient method in order to minimize the total energy of the molecules. Each of the molecules was allowed to completely relax in a simulation box of size 10 × 10 × 10Å 3 . As criterion for convergency we used the condition that the total energy did not change by more than 0.001 % between two steps in the simulations.
In the simulation of two colliding molecules we used a 20 × 10 × 10Å 3 supercell in x, y and z directions and placed the molecules at a center-of-mass distance of 6Å on the x axis. The molecules were then given an opposite initial velocity in x direction and, keeping the total energy constant, we performed non-spin-polarized molecular-dynamics simulation with a time step of 0.5 fs. The instantaneous temperature was calculated from the following relation
where N is the number of atoms involved and m i and v i are the mass and velocity of atom i. For all calculations the default energy cutoff provided by the program was used, but we have checked the convergence with respect to the cutoff and to the size of the supercell for all simulated events. The integration over the Brillouin zone was done by using the Γ point only which turned out to be sufficiently accurate.
DISCUSSION OF RESULTS

Structure optimization
We first calculated binding energies and bond lengths of the individual molecules in order to check whether the method, in particular the local density approximation, can be used with sufficient precission. Results of structure optimization obtained from a spin-polarized calculation as well as experimental data are listed in Table I .
We note that the structural properties of the molecules emerge very well with errors in the range of 0.01Å} to 0.04Å or 1-3 % for the bond lengths when compared to experimental results. For the water and ammonia molecule the calculated H-O-H and H-N-H angles are 105.51
• and 108.6
• as compared to experimental values of 104.5
• and 109.1 • , respectively.
In contrast to bond lengths and angles the energetics are not described very accurately. Binding energies obtained by calculations using the local density approximation are usually overestimated. In this particular case the overestimation amounts to 8.6 % for H-H and to 44.6 % for O-O. In spite of this the energy differences between different spatial configurations of the same atoms turn out to be realistic quantities as can be seen by considering the following examples. The calculated sum of the binding energies of a Cl 2 and an H 2 molecule is 8.29 eV. Comparing this value with the binding energies of two separate HCl molecules we obtain an energy difference of 1.95 eV (22.49 kcal/mol). The measured heat of formation of HCl amounts to 22.07 kcal/mol leading to a difference of 0.42 kcal/mol or 1.9 % between measured and calculated values. We have also compared the dissociation energies of TiCl 4 and NH 3 , which are the energies needed to remove one Cl atom or one H atom from the corresponding molecule. The calculated values are 4.95 eV and 5.59 eV as opposed to the experimental values of 4.05 and 4.63 eV.
These few examples show that the agreement of energy differences between different spatial configurations of precursor molecules (when calculated in LDA and compared with experimental data) turn out to give reasonable results. This together with the fact that the molecular structure is also well described, gives rise to the assumption that it may be possible to model reactive processes like the dissociation of molecules in vibronically high excited states induced by the scattering event.
The convergence of the calculated values has been checked with respect to the size of the supercell and the energy cutoff in order to assure that the results are not influenced artificially by non-physical parameters. Figure 1(a) , for example, shows how the total energy of a NH 3 molecule is influenced by the size of the supercell using the default energy cutoff. The difference of total energies between the 17 × 17 × 17Å 3 and 10 × 10 × 10Å 3 supercells amounts to 1.5 meV. We have also checked that the forces, for example, between two NH 3 -molecules are negligible once the relative distance between them is larger than 10Å. This means that a box of size of 10Å in each direction is sufficient for the structure optimizations of small molecules considered here.
The increase of the cutoff energy over its default value did not change the total energy very much either, as can be seen in Fig. 1 , which shows the variation of the total energy relative to its value for a cutoff of 1200 eV. The default value for this molecule (marked by a star in the Figure) is 436.8 eV. An increase of E cut from this value to 1200 eV changes the total energy by only 8.3 meV. The same convergence check was carried out for all other molecules considered so far.
Molecular Dynamics
The dissociation of TiCl 4 by the reaction TiCl 4 + H → TiCl 3 + HCl and subsequent dissociation processes are prerequisites for the formation of TiN and TiC nanoparticles in the gas phase. This has been studied experimentally in the temperature range of 1190 K to 1500 K (Herzler and Roth, 1997) . We have simulated such dissociation processes by allowing for collisions of H and TiCl 4 in a 20 × 10 × 10Å 3 supercell. In order to account for the temperature for which the gas-phase reaction has been observed, we have equilibrated the TiCl 4 molecule at 1000 K. The reactants were then placed at a distance of 6Å to each other on the x axis and given an initial relative velocity of 0.04Å/fs (corresponding to T ≈ 10 3 K) leading to a central impact in the supercell, whereby the total energy of H and TiCl 4 was held constant during the simulation (microcanonical simulation).
The time evolution of the potential energy and the potential energy averaged over 50 fs of simulation time are shown in Fig. 2 . For distinct times when the potential energy has a local minimum and the kinetic energy a maximum, snapshots of the spatial configuration of the system were taken. Some of these snapshots are shown in Fig. 3 . The four Cl atoms have been labeled in order to better distinguish them during the simulation. In Fig. 4 the time evolution of the interatomic distances between (top) Ti and Cl (1) and Cl
(1) and H and between (bottom) H and the remaining Cl atoms are shown,
We can distinguish three different time intervals. First from t = 0 to t = 120 (time steps), when the reactants approach each other, Fig. 3(a) , the potential energy decreases (after a short increase due to excited vibrations of TiCl 4 ) until the distance between H and the nearest Cl atom, Cl (2) , has reached its equilibrium value of 1.3Å. Then the H atom is decelerated and the H-Cl (2) distance decreases, Fig. 4 , which leads to a sharp increase in potential energy. During this process the TiCl 4 molecule is distorted and translational energy is changed into internal energy.
During the next 900 time steps the H atom encircles the TiCl 4 molecule and passes close to all four Cl atoms, whereby corresponding minima of the potential energy are lower by 1.2 eV compared to its initial value for t = 0. These minima correspond to configurations, for which the distance between H and one of the Cl atoms coincides with the average bond length of a free H-Cl molecule. From the snapshots in Fig. 3(b) to 3(d) it is obvious that the reactants form a complex. Fluctuations of the potential energy are due to the isomerization of this complex corresponding to H moving from one Cl atom to the next.
For t = 750 the Ti-Cl (1) bond length decreases again to nearly its equilibrium value of about 2.2Å, Fig. 4 (bottom) , but finally for t = 1000 the Cl (1) is oscillating around its average equilibrium value, which simultaneously leads to rapid fluctuations of the potential energy, see Fig. 2 
. The rotation of the H-Cl
(1) molecule (Fig. 3 (e) ,(f)) manifests itself as a periodic change of the distances between H and the other Cl atoms, see Fig. 4 .
After 1500 time steps the average potential energy has decreased from -24.35 eV to about -24.73 eV. Comparing this with the difference between binding energies for the complexes [TiCl 4 + H] and [TiCl 3 + HCl], which amounts to 0.35 eV, Table I , it seems that a bonding state between H and Cl has been achieved leaving a dissociated TiCl 3 molecule behind. More reactions have to be simulated before a TiN will be generated. Suppose that TiCl 4 and NH 3 have been broken up into fragments, say TiCl and NH. Then during a collision process between those two radicals the large electronegativity of Cl might be able to pull H away from N to form HCl and finally TiN.
In order to proof this last reaction we have simulated a scattering process between TiCl and NH. Also these two molecules were placed initially 6Å apart from each other on the x axis in the 20 × 10 × 10Å 3 supercell. In order to account for the experimental conditions for which the formation of TiN was observed (Herzler, Leiberich, Mick and Roth, 1998) , the bond lengths of the two molecules were increased by about 5 % and the reactants were then allowed to scatter with an initial relative velocity corresponding to an instantaneous temperature of about 2000 K.
The time evolution of the potential energy along with its average, the configuration of the system and the interatomic distances are displayed in Fig.  5-7 , respectively. For the first 200 time steps the fluctuations and oscillations of the potential energy are in the range of 0.5 eV, related to vibrations of the approaching molecules, Fig. 5 and Fig. 6(a) . From t = 200 on the decrease in distance between Ti-N and Cl-H goes hand in hand with a strong decrease in potential energy, leading to a deep minimum of about 5.5 eV below its t = 0 value; the corresponding configuration is displayed in Fig. 6(b) . As the total energy is kept constant, we have an increase of the instantaneous temperature by more than 18000 K. During the following 500 time steps the curve of the potential energy displays further deep minima occurring at times when the distance between Ti and N is minimal corresponding to similar complexes, Fig. 6(c) . The large fluctuations of the kinetic energy enable the N-H bond to break up, Fig. 7 (top) . This results in H moving around the other three atoms and finally forming a bond with Cl. At the same time the distance between Ti and Cl increases, while the bond between Ti and Ni oscillates around this average equilibrium value of about 1.7Å. The average potential energy is now practically constant. The small fluctuations are due to vibrations of the TiN and HCl molecules. A typical configuration is displayed in Fig. 6(e) . The simulations show that the only distance which remains more or less constant during the scattering event is the distance between Ti and N showing that there is strong tendency to form a stable Ti-N bond. In order to stabilize the separated molecules and to avoid the inverse reaction, Fig. 6(f) we would have to lower the temperature or to cool the system by allowing for collisions with an inert Ar gas as is done in experiment. Also a larger supercell would help to avoid the inverse reaction.
Conclusion
The dissociation of TiCl 4 by the reaction TiCl 4 + H → TiCl 3 + HCl as a first step in the formation of TiN and TiC was simulated by ab initio molecular dynamics. It could be shown that the fluctuations of the potential energy related to fluctuations of the kinetic energy of up to 18000 K during a collision event between the open shell fragments of TiCl 4 and NH 3 are large enough to break up bonds and to form TiN. This is a good starting point for future simulation of growth of TiN clusters in the gas phase. Potential Energy (eV) 0 500 1000 1500
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